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ABSTRACT 
Inthisstudywepresentananalysisofspatio–temporalvariabilityofmonthlyaveragedVerticalTroposphericColumns
(VTCs)ofNO2overPakistanusingOMI (ozonemonitoring instrument)dataset fromDecember 2004 toNovember
2008.TheresultshaveshownsignificantspatialandtemporalvariabilityofNO2columnvaluesoverthestudyregion.
FourNO2 hotspots and a high density corridorwere identifiedwithin the study region. Themain sources ofNO2
emissionsintheseareaswerealsoinvestigated.Duringthestudyperiod,anaveragevalueofNO2wasobservedtobe
1.102±0.081x1015molecules/cm2,with an increasing trendof 3.29%per year. Twin citiesof Islamabad/Rawalpindi,
Lahore,DeraGhaziKhanandKarachihaveshownpositive trendsof44.10%,23.48%,31.40%,and32.32%peryear
respectively.Karachihasshownthehighestandthelowestmeanmonthlyaveragevaluesof11.33x1015molecules/cm2
and0.98x1015molecules/cm2respectively.Airmasstrajectoriesforhotspotregionshavebeenusedtotrackpossible
long–rangetransportofNO2.
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1.Introduction

Nitrogendioxide (NO2) isamong thehighly reactivegroupof
gasses known as "oxides ofnitrogen" or "nitrogen oxides (NOX)"
withnitrousacidandnitricacid (U.S.EPA,1998). Itspresence in
troposphere adversely impacts human health and visibility, and
contributes to the formation of tropospheric ozone (O3), fine
particlepollution, summersmogandacid rain.Evidencessuggest
thatexposureofmixturesofNO2andSO2tovegetationandplants
may alter their growth and reduce their ability to withstand
droughtand frost stressesandcould increase thegrowth rateof
herbivorous insectsand fungalpathogens (WHO,2000;Heetal.,
2007;Martinetal.,2010;Shonetal.,2011).Troposphericnitrogen
oxides(NOX=NO+NO2)are initiallyemitted intheformofnitrogen
monoxide (NO), which are converted into NO2 by oxidation
process.ThisNO2 isconvertedback intoNObyphotolysisprocess
during the day light and photochemical equilibrium is reached
(Werner et al., 2013). The main sources of NOX are industrial
burningprocesses, vehicle combustionprocess,biomass fueland
cropresidueburning,soilemissions,andnaturallightning(Richter
andBurrows,2002;Chengetal.,2012).However, thereare large
uncertainties in source strengths (U.S. EPA, 1998;Werner et al.,
2013).Major sink of tropospheric NO2 is its reaction with OH,
producing secondary pollutants such asO3, HNO3,methane and
aldehydes (Kanaya et al., 2007; U.S. CAR, 2010). The observed
variabilityintroposphericNO2columnsismostlylinkedtoclimatic
conditions, seasonal variations, socio–economy (industries and
vehicles) and differences in the fuel use pattern (Colbeck et al.,
2010; Saud et al., 2011; Zhou et al., 2012). From environmental
perspective, Pakistan is facing severe problems of rapid industriͲ
alizationandmotorization,deforestationandenergycrisesleading
toastrongincreaseinNO2emissionsputtingextrapressureonthe
local and regional environment. Therefore, a comprehensive
spatio–temporalstudyof troposphericNO2overPakistan ismuch
needed inorder todevelop theeffective strategies to reduce its
emissions.

Very few studies of NO2 assessment have been conducted
overPakistan(e.g.,PEPA/JICA,2006;Colbecketal.,2010;Zafaret
al.,2012;AhmadandAziz,2013;Ashrafetal.,2013;Jahangiretal.,
2013; Mahar et al., 2013). All these studies used in situ
measurementsofveryshortspatialandtemporalwindows.Toour
best knowledge,no studyhasbeen conductedyetusing satellite
remote sensing technique covering the entire Pakistan. Satellite
remotesensing(SRS)hasemergedasaneffectivetoolforstudying
ambient trace gases and pollutants in the atmosphere. This
technique givesmain advantagesof repetitive large geographical
coverageanduniformityofaveragedmeasurements. Ithasbeen
wellestablished thatNO2measurements retrieved fromsatellites
areingoodagreementwithin–situmeasurementsandbottom–up
emission inventories (Boersma et al., 2009; Hayn et al., 2009;
Lamsaletal.,2010;Sheeletal.,2010;Kloogetal.,2012;Oluleye
andOkogbue,2013;Prud’hommeetal.,2013).Themainobjective
ofthepresentwork istoanalyzespatialandtemporalpatternsof
troposphericNO2 column valuesoverPakistanbyemploying SRS
technique.

2.Data

Ozonemonitoring instrument(OMI)onNASA’sEarthorbiting
satelliteAuraemployshyperspectralimaginginpush–broommode
tomeasurethebackscatteredsolarradiationinthespectralrange
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of270nm–500nm(Leveltetal.,2006a;Leveltetal.,2006b)witha
spectral resolution of about 0.5nm (Zyrichidou et al., 2013).
Tropospheric NO2 columns are retrieved by using differential
optical absorption spectroscopy (DOAS) analysis in the 405–
465nm spectral range (Eskes and Boersma, 2003;Wallace and
Kanaroglou, 2009). Details of data filtering, DOAS analysis and
algorithm, and data quality control procedures can be found in
NASA’s online user’smanual forOMI products (Giovanni, 2014).
TheretrievalofNO2takesintoaccounttheclearand0–30%cloudy
conditions in the airmass factor derived for the simulated NO2
profiles(Bucselaetal.,2006).TroposphericNO2hasanuncertainty
of 0.1x1015molecules/cm2 and it is underestimated by 15–30%
(Celarier et al., 2008). The preliminary validation studies for
retrieved tropospheric NO2 columns indicate a good agreement
when comparedwith in–situNO2measurements andbottom–up
emission inventories. The seasonal variations of NO2 retrieved
fromOMI agreewith theNASAGSFC’s globalmodeling initiative
(GMI) chemical transport model (Duncan et al., 2013). As no
measurementcampaignforNO2wasconductedinPakistanduring
thestudyperiod,sowehavereliedonothersimilarstudies(Hains
etal.,2010;Hanetal.,2011;Bucselaetal.,2013;Zyrichidouetal.,
2013). Since January 24th, 2009 a large row anomaly (row
anomaly–3) appeared in OMI radiance datawhich introduced a
decreaseandincreaseintheradiancesignaldependingonposition
ofsatelliteintheorbit(Giovanni,2014).Toavoidthisanomaly,we
restricted our analysis until 2008. In this study, daily averaged
product (OMNO2d.003, level–3) of tropospheric NO2 columns
griddedatspatialresolutionof0.25°x0.25°hasbeenused.

We have performed sensor–to–sensor validation by
comparing NO2 overpass data retrieved by OMI and Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography
(SCIAMACHY) (Boersma et al., 2004; Boersma et al., 2007) for
Lahore city during January 2005 to December 2005. OMI and
SCIAMACHY retrievals facilitate thiscomparisondue to theirdata
consistency and minimized differences in retrieval assumptions
(Boersma et al., 2008). Both these sensors operate in sun–
synchronous orbits,with 13:30 and 10:00 local time crossing at
equator respectively (van Noije et al., 2006). The mega city of
Lahoreisselectedforvalidationsitebecauseofitsmorestabilized
NO2emissionsthanother largesources,existenceofwidevariety
ofNO2sources,andgreatervariationsinmeteorologicalconditions
over the study period. Time series has shown (Figure1) good
consistency between OMI (average 2.99±0.941molecules/cm2)
and SCIAMACHY (average 3.95±0.1.71 molecules/cm2) datasets
having correlation coefficient (r=0.845) with mean relative
difference of –17.32% (Tan et al., 2014). The OMI values are
generally observed lower than SCIAMACHY valuesmostly due to
morning peak in emissions (SCIAMACHY observation time) and
mid–daymaximuminitschemicalloss(OMIobservationtime)over
Lahorewhich is ingoodagreementwithBoersmaetal. (2008).A
seasonal shift in computed correlation coefficient value has also
been found for these sensors with higher value observed in
summer (r=0.918) followedbywinter (r=0.717),autumn (r=0.611)
and spring (r=0.446).High correlation in summer is attributed to
more soil emissions in mid–day due to high temperature,
applications of fertilizers, and large emissions from crop residue
burning during daytime. Low correlation in spring is associated
withmid–day enhanced loss of NO2 in the availability of higher
ultravioletradiation.

3.GeographyandMeteorologyoftheStudyArea

Pakistan (24–37°N,61–75°E) is located in southAsia, sharing
itsborderswith India,China, IranandAfghanistan (Figure2).The
Arabian Sea and the gulf of Oman coastline of 1046km is
Pakistan’s southern boundary. Population of the country is over
183millionand totalarea is796095km2.Northern regionof the
country is covered by three mountain ranges Himalayas,
KarakorumandHindukushwithaverageheightsbetween3000to
4800meters abovemean sea level. Sindh and Punjab provinces
are characterized by flat lands where the only exceptions are
Potwarplateauinthenorthandthepiedmontareasinthewest.In
Khyber Pukhtoonkhwa and Baluchistan provinces on the other
hand, the area ismore rugged and elevatedwith intermountain
valleys(PEPA,2005;GOP,2011;PWP,2013).

Pakistanisgenerallycharacterizedasaridzonewithextremes
of temperatures, low precipitation and humidity, and high solar
radiationover themostpartsof the country.Pakistanhas some
22.5millionhectares (59.3%of totalarea)of range landaridand
semi–arid zones receiving annual rainfall less than 200mm. The
Himalayas and sub mountainous tracks receive 760–1270mm
rainfallannually(ISDR,2005).Baluchistan,SouthPunjabandNorth
Sindh receive the lowest rainfall and it increases towards the
coastal areas (see the Supporting Material, SM, Figure S1d).
Overall, the average minimum and maximum temperatures in
winter rangebetween4 and18°C,except theNorthern regions,
wherethetemperaturecanfallaslowas–26°C.Thesummersare
usually hot and drywith temperatures up to 52°C (PEPA, 2005;
Colbeck et al., 2010). Pakistan has four distinct seasons:winter
(December–February);spring(March–May);thesummermonsoon
(June–August)andautumn(September–November).TheSurveyof
Pakistandepartmenthasclassified thecountry intoeightclimatic
zones based onmonthly temperature, precipitation and seasonͲ
alityofprecipitation.Pakistanhasauniqueweatheronaccountof
monsoon and associatedwinds that reverse direction seasonally
(SatheeshandMoorthy,2005;TariqandvandeGiesen,2012).


Figure1.ComparisonofoverpasstroposphericNO2data(x1015molecules/cm2)fromOMI(level–3)and
SCIAMACHY(version2.3)forLahoreduringJanuary2005toDecember2005.
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
Figure2.MapofPakistanwithprovincialboundariesshowingfourhotspotsandIndo–GangeticBasin(IGB)(showninblue).

4.ResultsandDiscussion

The yearly averaged column value of NO2 is found to be
1.102±0.081x1015molecules/cm2 with increasing trend of 3.29%
peryearoverPakistan.Thisincreasingtrendisincloseagreement
withprevious regional studybyGhudeetal. (2009).Hemispheric
Transport ofAir Pollution (HTAP)multi–model experiments have
also shown increasing trends over south Asia including Pakistan
baseduponfourdifferentRepresentativeConcentrationPathways
(RCPs) scenarios (HTAP, 2010). EDGAR (Emission Database for
GlobalAtmosphericResearch)hasshown28.47% increase inNOX
emissions in Pakistan (EDGAR, 2010) during the study period
(2004–2008) and has identified major sources with significant
annualincreaseinvariousemissioncategoriesi.e.publicelectricity
and heat production (90.17%), manufacturing industries and
construction(21.45%),roadtransportation(14.70%),manuremanͲ
agement (13.51%),directsoilemissions (11.79%),andagricultural
wasteburning(10.42%).ThisobservedincreaseofNO2inPakistan
is mostly attributed to increase in motor vehicles (growth rate
26.5%), industries (average industrial production growth
rate8.48%), agricultural activity (average growth rate 4.07%),
population growth (growth rate 1.85%) and biomass fuel usage
(growthrate0.9%)(FBSP,2014;MFALP,2014).

4.1SpatialandlatitudinalvariationsofNO2

Significant spatialvariations canbe seenoverPakistanespeͲ
ciallyinitseasternpart.Figure3showsfourNO2hotspotsandNO2
corridorover thesectionof Indo–GangeticBasin (IGB)situated in
Pakistan.We notice that in all seasons, NO2 column values are
found decreasing from north eastern Pakistan to south eastern
parts showing latitudinal variationswhich agreewith David and
Nair (2013).Thewesternmountainouspartsof the countryhave
shownpersistently lowvaluesdue to limitedagriculturalactivity,
low population density, less industries, and low motor vehicles
usage (see the SM, Figures S1a. and S1b). Low values ofNO2 at
lowerlatitudesarelinkedtohotterandmorehumidclimatewhich
will lead tohigherOHconcentrationandreductionofNO2values
through its enhanced photolysis, and strongwinds fromArabian
Sea(Zhouetal.,2012).

4.2SeasonalvariationsofNO2

NO2columnvaluesexhibitacyclicmonthlypatternduringthe
study period with the highest monthly averaged value
1.27x1015molecules/cm2 in June and the lowest value
0.93x1015molecules/cm2inMarch(Figures4and5).Seasonalhigh
values 1.07–1.27(x1015molecules/cm2) are observed in summer
seasonsubstantiallycontributedbythefollowingfactors:

(i)Highprecipitationandmorewaterapplicationintheagricultural
fields that activate microbial activity contributing more soil
emissions that are further enhanced by the application of
fertilizers in rice fields confirming the results by Zhou et al.
(2012).Moreover, inthisseasonhighsoilemissionsdominate
lowprecipitationwash–out.
(ii)Moreblockageofsolarradiationduetocloudcover(Table1)in
monsoonthatreducestheremovalofNO2throughphotolysis
process,thusincreasingNO2levels(Zhouetal.,2012).
(iii)Substantial amount of NO2 is released into the atmosphere
fromlargescalecropresidueburningeventsduringwheat–rice
crop rotation in summer. Majority of farmers prefer crop
burningoptionas it isaneasy,cheapand timesavingway to
disposethecropresidues.
(iv)Heavyusageofhouseholdandcommercialgenerators for the
production of electricity during electrical power outage
(average10–16hoursdaily)isanothercauseofelevatedlevels
ofNO2.
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Figure3.SpatialdistributionofaveragedtroposphericNO2columnvalues(x1015molecules/cm2)over
PakistanduringDecember2004–November2008.

Table1.MeteorologicalconditionsoverfourhotspotsduringDecember2004–November2008.(Datasource:PakistanMeteorological
Department,www.wunderground.com)
 Islamabad/Rawalpindi Lahore DGKhan Karachi
Latitude/Longitude 33.40°N/73.0°E 31.32°N/74.22oE 30.03°N/70.38°E 24.51°N/67.72°E
Population(million) 2.13 10.23 2.12 16.05
Area(km2) 1.060 1.172 11.294 3.527
Temperature
(°C)
Winter 11.76 15.19 14.24 20.50
Spring 22.78 27.59 27.97 29.13
Summer 29.30 31.70 34.10 31.05
Fall 22.02 25.75 26.11 28.30
Relative
humidity
(%)
Winter 52.16 50.41 45.08 57.24
Spring 37.50 31.50 28.50 43.50
Summer 54.25 55.25 42.50 62.71
Fall 54.83 49.75 41.83 59.20
Cloud
cover
(oktas)
Winter 3.60 2.67 2.84 2.10
Spring 3.51 2.05 2.46 1.33
Summer 3.36 3.19 2.70 3.43
Fall 0.89 1.36 1.14 0.89
Precipitation
(mm)
Winter 75.70 26.81 28.14 6.72
Spring 59.15 25.06 19.64 10.48
Summer 279.21 138.11 26.14 49.67
Fall 50.26 33.10 5.63 14.43
Meansealevel
pressure
(hPa)
Winter 1016.40 1014.9 1015.90 1015.0
Spring 1006.40 1004.4 1002.20 1008.0
Summer 997.50 996.1 991.90 999.80
Fall 1010.0 1008.0 1010.0 1009.29


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Figure4.SpatialandtemporalvariationsofmonthlyaveragedtroposphericNO2columnvalues(x1015molecules/cm2)overPakistanduring
December2004–November2008.





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Figure4. Continued.

Lowvalues0.001–0.014(x1015molecules/cm2)areobservedin
wintermostlyattributedtolesssoilemissionsduetolowtemperaͲ
tureandprecipitation (Table1),NO2wash–out throughprecipitaͲ
tion,andlesscloudcoverblockagetosolarradiation.

4.3Indo–GangeticBasin(IGB)corridorandhotspots

Figure 2 indentifies Indo–Gangetic Basin (IGB) and fourNO2
emission hotspots associated with high population density and
heavily industrializedcitiesof Islamabad/Rawalpindi,Lahore,Dera
Ghazi Khan, and Karachi in agreementwith the previous results
obtainedbyVanderAetal. (2008).PersistentemissionsofNO2
over Indo–Gangetic Basin (IGB) throughout the year are due to
highpopulationdensity(seetheSM,FigureS1b),moreagricultural
activity (Figure S1a), crop residue and biomass mass burning
(Figure S1c). Being a high population area, IGB hasmore socio–
economicactivitieslikeindustriesandfossilfuelburningassociated
with power and transport sectors leading to higher values as
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confirmed bymany studies (e.g., Garg et al., 2001; Richter and
Burrows,2002;Badarinathetal.,2006;Kunhikrishnanetal.,2006;
Chengetal.,2012;MishraandShibata,2012).

Thetwincitiesof Islamabad (thecapitalcityofPakistan)and
Rawalpindi have collectively shown influx surge in settlers from
otherpartsofthecountryanddoublingthepopulationsince1998.
This increase in population imposed an extra pressure on local
environment in terms of more energy requirements, rapid
motorization and industrialization, and large scale deforestation.
For these reasons twin cities have shown the highest hotspot
increasing trend of 44.10% per year during the study period
(Table2).Ithasbeenobservedthathighvaluesovertwincities in
winteraredue to largebiomassburning for cookingandheating
purposes particularly in the area of Afghan Refugee Camps as
confirmed by Zafar et al. (2012). In winter, a large number of
people come to these cities from ice covered northern mounͲ
tainousareastomakecontributionineconomicactivities.Thisalso
results in further enhancement of NO2 levels. We have also
investigated the long–range transport ofNO2 for hotspots using
backward and forward airmass trajectory analysis. It has been
demonstratedbynumerousstudiesthatNO2hotspotscanspread
over large areas for several days and its long–range transport is
possible through its reservoir specie of Peroxyacylnitrate(PAN)
(Leueetal.,2001;Kunhikrishnanetal.,2004).Trajectoryanalysisis
veryuseful in trackingNO2 transport at local and regional scales
(Fleming et al., 2012; Chelani, 2013). Backward trajectories
(Figure6a) have shown possibility of NO2 transportation from
Jalalabad,Kabul,NangarharandPeshawartowardsthetwincities
andforwardtrajectories(Figure6b)suggestitsfurthertransportto
Indian regionofPunjab inwinter (Figures6aand6b).Lowvalues
are recorded during the period of monsoon season mostly
attributed to more rain wash out, high humidity and western
disturbances(Zafaretal.,2012;AhmadandAziz,2013).

Figure5.MonthlyaveragevariationsintroposphericNO2columnvalues(x1015molecules/cm2)overPakistanduring
December2004–November2008.


Figure6.MonthlyaveragevariationsofNO2troposphericcolumnvaluesoverfourhotspotsIslamabad/Rawalpindi,
Lahore,DGKhanandKarachi.

Table2.TroposphericNO2columnvalues(x1015molecules/cm2)overPakistanandfourhotspotsduringDecember2004–November2008
 Pakistan Islamabad/Rawalpindi Lahore DGKhan Karachi
Trendperyear(%) 3.29 44.10 23.48 31.40 32.32
Annualaveragevalue 1.10±0.08 3.50±1.31 2.74±0.79 3.13±0.81 3.63±2.19
Maximummonthlyaveragevalue 1.27 4.44 3.40 4.15 5.13
Minimummonthlyaveragevalue 0.93 2.04 1.87 2.22 1.57
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
Lahore is the second largest cityofPakistan (Table1)which
has shown significant but the lowest increasing trend of 23.48%
peryearamongotherhotspots.Highvalueshavebeenobservedin
winter and May with a minimum swing between highest and
lowestvalues(Figure7).Highvaluesinwinterareattributedtothe
burningofwood, cowdung and coal forheating and cooking as
pointedbyAliet al. (2014). Trajectory analysis (Figure6c) shows
thatNO2maybetransportedfromAfghanistanandPeshawarcity
to LahoreandFigure6cpredicts its transportation further to the
Indian Punjab region. InMay, high values are due to large scale
cropresidueburningalsoconfirmedpreviouslybyAlietal.(2014)
during the crop residue burning in wheat–rice rotation in the
neighboring areas of Kasur, Shiekhupura, Narowal, and
Mianchannucities. In this seasonhigh temperatureandhumidity
also contribute to soil emissions which are enhanced by the
applicationof fertilizers in the ricegrowing fields.Anothermajor
source of high values of NO2 is the usage of diesel and petrol
generators for electricity during the electric power outage. Low
NO2 values are observed during the period ofmonsoonmostly
linked toheavy rains,highhumidity and strongwinds in Lahore.
VeryhighannualmeanvaluesofNO2hasfoundattwolocationsin
Lahore at Gajju Mattah (31.375°N, 74.375°E) and Shahdara
residential and industrial area (31.625°N, 74.375°E). These high
levelsofNO2inGajjuMattaharelinkedtodensepopulation,heavy
biomassfuel,heavytrafficusageandpresenceofcottageindustry.
InShahdarabiomassfuelburninginReserveForest,Shahdaraand
emissionsfromsteelfoundriesoftractors,agriculturalequipments
andengineeringproductscanbelinkedtotheseexceededlevels.

DeraGhaziKhanisoneofthemostpopulouscitiesofPakistan
located in Punjabhas an increasing trend 31.40%per year.High
values are observed during winter season (Figure7). These eleͲ
vated levelsaremostly linkedto fossil fuelburning forenergyfor
domestic and commercial purposes and activities at sugarmills.
FromFigures6eand6f it isevident thatNO2columnvaluesover
DeraGhaziKhanare transported from theneighboringregionsof
centralPunjaband transported tonorthernPunjab inwinter.DG
Khan has shown a regular seasonal variability with the highest
minimumvalues(Figure7).

Figure7.24hoursbackwardandforwardairmasstrajectoriesforhotspotson15December2007at0000UTCabove500m,
calculatedusingNOAA’shybridsingle–particleLagrangianintegratedtrajectory(HYSPLIT)modelwithGlobalDataAssimilation
System(GDAS)dataset.Thehotspotsaremarkedwithstars.(a)BackwardtrajectoriesforIslamabad/Rawalpindi,(b)Forward
trajectoriesforIslamabad/Rawalpindi,(c)BackwardtrajectoriesforLahore,(d)ForwardtrajectoriesforLahore.
(a)
(d)(c)
(b)
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Figure7.Continued.(e)BackwardtrajectoriesforDGKhan,(f)ForwardtrajectoriesforDGKhan,(g)BackwardtrajectoriesforKarachi,
(h) ForwardtrajectoriesforKarachi.

The mega city of Karachi has the highest population in
Pakistan(Table1).Thiscity isconsideredfinancialhubofPakistan
asmore than50% industries are located in this city.Karachihas
shown highest annual average NO2 value 3.63±2.19x1015
molecules/cm2whencompared tootherhotspotswithsignificant
increasingtrend32.32%peryear(Table2).Thesehighvaluesand
increasing trend is associatedwith growing industries, increasing
population, rapid motorization and increase in transported
pollutionfromotherpartsofthecountry. It isclearfromFigure7
that Karachi has maximum swing between the lowest and the
highest values at seasonal pattern when compared to other
hotspots.Highvaluesinwinterseasonareduetoseveralreasons.
A large number of people burn wood, cow dung and coal for
heating and cooking. In winter, air originate from land areas
towardsKarachi.ThisdirectionofairsupportsthetransportofNO2
from other polluted parts of the country contributing to its
elevatedlevelsshownintrajectoryanalysis(Figures6gand6h).Air
mass trajectories suggest that NO2 over Karachi may be transͲ
portedfromIndianregionsofDelhiandTharDesertandamplified
by local sources and further transported to Arabian Sea. Low
values are observed in summer (Figure7) linked to more rain
wash–outandhighhumidity,andstrongseabreeze fromArabian
Sea dispersing the NO2 columns. One point location (24.875°N,
67.125°E) has exhibited very high values for all study years in
Karachi. These values may be linked to engineering and overͲ
haulingactivitiesatPakistanAirForceBaseFaisal,manufacturing
andconstructionatLandiIndustrialStateandintensetrafficflowat
nearbyShahrah–e–Faisalroad.

5.ConclusionsandRecommendations

Significant increasingtrendandspatio–temporalvariabilityof
troposphericNO2columnsoverPakistanhavebeen found.Major
sourcesofNO2emissionsare found tobenatural (soilemissions
and climatic) and anthropogenic (crop residue and fossil fuel
burning, industrial burning processes, and motor vehicles). We
have identified four hotspot regions and NO2 corridor over IGB
region. The highest increasing trend is found over twin cities of
Islamabad/Rawalpindi. Also trajectory analysis has been used to
determinelongrangetransportofNO2.AlthoughvalidationofOMI
NO2hasbeenperformedoverLahorecity,adetailedvalidation is
muchneededoverlongerperiodandwiderspatialwindow.
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